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We assessed the utility of online ﬂuorescence spectroscopy for the real-time evaluation of the microbial
quality of untreated drinking water. Online ﬂuorimeters were installed on the raw water intake at four
groundwater-derived UK public water supplies alongside existing turbidity sensors that are used to
forewarn of the presence of microbial contamination in the water industry. The ﬂuorimeters targeted
ﬂuorescent dissolved organic matter (DOM) peaks at excitation/emission wavelengths of 280/365 nm
(tryptophan-like ﬂuorescence, TLF) and 280/450 nm (humic-like ﬂuorescence, HLF). Discrete samples
were collected for Escherichia coli, total bacterial cell counts by ﬂow cytometry, and laboratory-based
ﬂuorescence and absorbance. Both TLF and HLF were strongly correlated with E. coli (r¼ 0.71e0.77)
and total bacterial cell concentrations (r¼ 0.73e0.76), whereas the correlations between turbidity and
E. coli (r¼ 0.48) and total bacterial cell counts (r¼ 0.40) were much weaker. No clear TLF peak was
observed at the sites and all apparent TLF was considered to be optical bleed-through from the neigh-
bouring HLF peak. Therefore, a HLF ﬂuorimeter alone would be sufﬁcient to evaluate the microbial water
quality at these sources. Fluorescent DOM was also inﬂuenced by site operations such as pump start-up
and the precipitation of cations on the sensor windows. Online ﬂuorescent DOM sensors are a better
indicator of the microbial quality of untreated drinking water than turbidity and they have wide-ranging
potential applications within the water industry.
© 2018 British Geological Survey, a component institute of NERC - 'BGS © NERC 2018'. Published by
Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).1. Introduction
Enteric pathogens in drinking water pose a signiﬁcant threat to
public health globally (Baldursson and Karanis, 2011; Machdar
et al., 2013; Reynolds et al., 2008). Worldwide regulation stipu-
lates that the presence of enteric pathogens is inferred by the
analysis of faecal indicator organisms, such as Escherichia coli,
which are typically cultured over >18 h. Within the water industry,
routine testing is typically conducted in off-site laboratories on
discrete samples, collected on a daily to monthly basis (Cook et al.,nent institute of NERC - 'BGS © NE
.2013; USEPA, 2013). However, themicrobiological contamination of
drinking water sources is inherently transient (Hynds et al., 2012;
Kistemann et al., 2002; Worthington and Smart, 2017) and there is
a shortage of suitable online detection methods that could be used
to indicate contamination (Besmer and Hammes, 2016). Currently,
online turbidity meters are commonly used as a simple, pragmatic
approach to forewarn of microbiological risk during unexpected
pollution events, despite turbidity not being considered a reliable
indicator of microbiological contamination (Jung et al., 2014; Pronk
et al., 2006; UKWIR, 2012).
An alternative approach for the water industry could be dis-
solved organic matter (DOM) characterisation by ﬂuorescence
spectroscopy. There is substantial research demonstrating thatRC 2018'. Published by Elsevier Ltd. This is an open access article under the CC BY
Fig. 1. Location of public water supplies and major aquifers of the UK. Note the
Portland Stone Formation is too small to be visualised at this scale.
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than natural waters, especially at particular excitation/emission
wavelength pairs (Baker, 2001; Baker and Inverarity, 2004; Carstea
et al., 2016; Goldman et al., 2012; Lapworth et al., 2008; Reynolds
and Ahmad, 1997; Roehrdanz et al., 2016). Hence, ﬂuorescence
spectroscopy could be a useful indicator of the wastewater
contamination of natural waters used for drinking (Stedmon et al.,
2011). Of particular interest is tryptophan-like ﬂuorescence (TLF) at
an excitation-emission (lex/lem) peak of around 280/350 nm as it
has been demonstrated to be positively correlated with BOD, COD
and TOC (Cohen et al., 2014; Reynolds and Ahmad, 1997; Reynolds,
2002). More recently, it has also been shown that contaminated
drinking water sources containing thermotolerant (faecal) co-
liforms (TTCs) have signiﬁcantly higher TLF than those that are
uncontaminated (Sorensen et al., 2015, 2016). There is also a strong
positive correlation between TLF intensity and TTC concentration in
both ﬁeld studies of drinking water (Baker et al., 2015; Sorensen
et al., 2015, 2016) and controlled laboratory conditions (Fox et al.,
2017).
To date, studies investigating ﬂuorescent DOM as a predictor of
drinking water contaminated by faecal indicator organisms have
been based on infrequent spot sampling. However, ﬂuorescent
DOM has the potential to be characterised online and in-situ by
low-power, LED based ﬂuorimeters. Such online deployments have
predominantly focussed on studying dissolved organic carbon
(DOC) dynamics in marine systems and rivers (Ruhala and
Zarnetske, 2017). Shutova et al. (2016) provide the only example
of deployment in the water industry, where online ﬂuorimeters
were used as an indicator of DOM during the water treatment
process.
The aim of this study was to understand the utility of online
ﬂuorescence spectroscopy for the real-time evaluation of the mi-
crobial quality of raw drinking water at public supplies. We
measured TLF and humic-like ﬂuorescence (HLF) online at four
groundwater-derived public water supplies and compared this to
in-situ turbidity measurements, culture-based counts of E. coli and
total bacterial counts measured by ﬂow cytometry.
2. Methods
2.1. Study sites
Four groundwater-derived public water supply sites were
selected in Southern England (Fig. 1). These sites all abstract from
varying types of fractured limestone, which is the largest source of
groundwater in the UK. These limestone aquifers can have rapid
ﬂow paths and the selected sites are all known to experience
episodic pollution events that are generally linked to heavy rainfall.
Site 1 comprises Portland Stone Formation boreholes, site 2 Chalk
Group springs, site 3 Chalk Group boreholes, and site 4 Jurassic
Limestone springs.
2.2. Online analysis
TLF was determined every twominutes on the raw water intake
at each site for between 6 and 10 months. This measurement was
undertaken using a telemetered UviLux ﬂuorimeter targeting the
excitation/emission peak at lex 280± 15 nm and lem 365± 27.5 nm
(Chelsea Technologies Group Ltd, UK). The minimum detection
limit for the sensor is 0.17± 0.18 ppb dissolved tryptophan (Khamis
et al., 2015). HLF was also measured every two minutes at Sites 1, 2
and 3 using a telemetered UviLux ﬂuorimeter targeting the
excitation-emission peak at lex 280± 15 nm and lem 450± 27.5 nm
(Chelsea Technologies Group Ltd, UK). This ﬂuorimeter did not
target the centres of the HLF peaks, typically observed at lex< 260and 320e360 nm (Fellman et al., 2010), but was aligned at the same
excitation as TLF because of the optical overlap between the two
regions. All ﬂuorimeters were installed in ﬂow-through cells, which
excluded all natural light, connected to sample taps at each site. The
temperature of water exiting each cell was monitored with a HOBO
Tidbit® v2 (Onset Computer Corporation, USA).
Factory calibrations were implemented on all UviLux sensors,
which express TLF andHLF intensity in equivalent units of dissolved
tryptophan and quinine sulphate units (QSU), respectively. The
former unit is derived from direct calibration of the TLF sensor with
tryptophan in deionised water. The latter unit is a standardised
parameter that relates the ﬂuorescence intensity at lex 347.5 nm
and lem 450 nm from 1 ppb of quinine sulphate dissolved in
0.105M perchloric acid to direct calibration of the HLF sensor with
pyrene tetrasulphonic acid in deionisedwater. For the calculation of
a TLF:HLF ratio, TLF was converted to QSU by multiplication by
0.5365; this factor relates the ﬂuorescence intensity of tryptophan
to that of quinine sulphate.
At all sites abstracted raw groundwater is screened in real-time
against deﬁned turbidity thresholds, using nephelometric tech-
nology, before passing into a treatment plant prior to onward
distribution. If water exceeds the deﬁned threshold, usually 1
NTU, it is considered a potential threat to the provision of clean
water, as high levels of microbial contamination may be present
alongside particles that could reduce treatment efﬁcacy (DWI,
2010). In this case, abstraction may cease or raw water may be
directed to waste until turbidity returns to below the threshold.
These instances were observed regularly at sites 1, 3 and 4 and all
ﬂuorescence data were disregarded during these periods that
could last from hours to weeks. Only site 2 has a complete unin-
terrupted record of ﬂuorescence data across the monitoring
period.
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2.3.1. Sample collection and storage
Duplicate water samples were retrieved from each site on a
regular basis for comparison with the online sensors. One was
collected and analysed for E. coli within 8 h following standard
water industry compliance procedures (EA, 2009). The second was
collected in sterile 15ml polypropylene tubes, stored in the dark at
4 C, and analysed for ﬂuorescence and absorbance, and total bac-
terial cell counts by ﬂow cytometry. These second samples were
analysed within 48e96 h of collection. Sample stability tests were
performed which conﬁrmed the stability of samples over this
timeframe, see Section 2.3.4.
2.3.2. Fluorescence and absorbance analysis
Fluorescence analysis was conducted on unﬁltered samples at
20 C with lex between 200 and 400 nm (5 nm bandwidth) and lem
between 280 and 500 nm (2 nm bandwidth) using a Varian™ Cary
Eclipse ﬂuorescence spectrometer (Agilent Technologies, USA). The
scan rate was 9600 nm/min and the detector voltage was set to
900 V. All analysis was performed in a quartz cuvette with a path
length of 1 cm. The Raman peak of ultrapure water at 348 nm was
used to check for instrument stability prior to and following anal-
ysis, for blank correction, and to standardise the ﬂuorescence
excitation-emission matrices (EEMs).
Absorbance measurements were undertaken in a 1 cm quartz
cuvette at 1 nm intervals from 800 to 200 nm using a Varian Cary
50 UVeVis spectrophotometer (Agilent Technologies, USA). All
absorbance spectra were referenced to a blank of ultrapure water.
Mean absorbance was 0.011 cm1 (s¼ 0.007 cm1) at 280 nm. This
indicates that inner-ﬁlter correction was not required, since the
primary inner ﬁlter effect was <3.7% across all samples (Lakowicz,
2006).
2.3.3. Flow cytometry
It has been proposed that the total number of bacterial cells by
ﬂow cytometry could act as an indicator for drinking water
contamination, as elevated counts could indicate contamination
from external sources containing higher cell densities or the
growth of bacteria within the distribution network (Lautenschlager
et al., 2013). Consequently, total bacterial counts were analysed for
on a BD Accuri C6 ﬂow cytometer equipped with a 488 nm solid
state laser (Becton Dickinson U.K. Ltd., Oxford, U.K.). Water samples
(500 ml) were stained with SYBR Green I (Sigma-Aldrich, Gilling-
ham, UK) at a ﬁnal concentration of 1:200 v/v for 20min in the dark
at room temperature, before running on the Accuri at a slow ﬂow
rate (14 mL/min, 10 mm core) for 5min and a detection threshold of
1500 on channel FL1. A single manually drawn gate was created to
discriminate bacterial cells from particulate background, and cells
per mL were calculated using the total cell count in 5min divided
by the reported volume run in ml. The mean absolute error (MAE)
from 69 duplicate analyses across all sites was 6536 cells/mL.
2.3.4. Sample stability
A series of samples was collected sequentially from each of sites
1, 2, and 4. These samples were destructively analysed in triplicate
on a daily basis, excluding weekends, over eleven days for ﬂuo-
rescence and nine days for total bacterial cell counts following the
procedures listed above. For ﬂuorescence, equivalent TLF and HLF
wavelength pairs corresponding to the in-situ sensors were
extracted from the excitation/emission matrix. The results are
expressed in percentage change from the mean of three samples
analysed after storage for one day (Fig. S1).
There was no consistent change in either TLF or HLF over 11
days, hence variation in storage time before analysis is unlikely tohave inﬂuenced the results. Nonetheless, transformations during
storage have been observed within the ﬁrst 24 h, which have not
been considered here. For example, Bieroza and Heathwaite (2016)
demonstrated increases in TLF of 9e11% in unﬁltered surface water
samples stored at 10 C over this timescale. However, potential
changes in samples collected in this study are likely to be lower
given the reduced storage temperature (4 C) and because
groundwater as a medium is likely to be more stable than river
waters due to the generally lower concentrations of bacteria and
nutrients. Of greater signiﬁcance is the variability between samples
analysed in triplicate on the same day (Fig. S1).
Bacterial cell counts were consistently lower after storage for
one day (Fig. S1), with an overall mean decline of 12% between
storage for one and two days across all samples. Nevertheless, there
was no apparent change between two and four days. Therefore, it is
considered that reported bacterial cells counts aremarginally lower
than at the time of sampling at sites 1, 2 and 4, but variation in
storage time between 2 and 4 days is unlikely to have inﬂuenced
the results.
2.4. Statistical analysis
Correlations were assessed by Spearman's Rank (Spearman,
1904). Differences in the median between two populations were
assessed by Mann-Whitney tests and between multiple pop-
ulations by the Kruskal-Wallis method (Kruskal and Wallis, 1952)
followed by a pairwise multiple comparison using Dunn's Method
(Dunn, 1964). E. coli data were classiﬁed into World Health Orga-
nisation (WHO) risk categories for some analyses which deﬁnes
risks based on the plate count per 100mL (WHO, 1997) as follows:
Very Low (0 cfu), Low (1e9 cfu), Medium (10e99 cfu), High
(100e999 cfu) and Very High (1000 þ cfu). All these statistical
analyses were non-parametric, due to the non-normal distribution
of all datasets, and performed in SigmaPlot version 13.
Parallel factor analysis (PARAFAC) was undertaken on blank
corrected ﬂuorescence EEMs from all sites to extract, model and
quantify the spectrally overlapping components. PARAFAC uses a
least-squares algorithm to decompose the data; for further details
on the method and approach see Stedmon et al. (2003). The anal-
ysis was undertaken using the ‘DOMFluor v1.7’ toolbox (Stedmon
and Bro, 2008) in Matlab version 9.1. Rapid model convergence
was obtained and validated using independent split-half analysis of
the dataset following removal of outlier data which had high
leverage (Stedmon and Bro, 2008).
3. Results and discussion
3.1. Online indication of E. coli
There are strong correlations between TLF and E. coli (r¼ 0.71,
p< 0.001, n¼ 134) and HLF and E. coli (r¼ 0.77, p< 0.001, n¼ 122),
but only a moderate correlation between turbidity and E. coli
(r¼ 0.48, p< 0.001, n¼ 134). When grouping the E. coli data into
WHO risk categories, TLF, HLF and turbidity all vary signiﬁcantly
between categories (Kruskal-Wallis, p< 0.001) (Fig. 2). Signiﬁcant
differences exist between all categories for TLF (Dunn's Method).
However, for turbidity and HLF (HLF was only monitored at sites
1e3), Low and Medium categories are not signiﬁcantly different,
although both are signiﬁcantly different from the Very Low cate-
gory. There were insufﬁcient data to robustly include the High risk
category in the analysis (n¼ 5), although all variables are generally
most elevated in this category (Fig. 2).
Consideration of the collated dataset as a whole is important for
evaluating the universal applicability of these indicators. Ideally
each indicator would also be assessed at each site individually to
Fig. 2. Boxplots of TLF, turbidity and HLF against WHO risk categories for E. coli. Boxes illustrate median and interquartile range (IQR), whiskers indicate 5th and 95th percentile, and
all outliers are shown. Results of non-parametric Dunn's Method tests are displayed for Very Low to Medium categories: not signiﬁcant ¼ n.s ¼ , p ¼ 0.05 (*), p < 0.001 (***) ¼ .
Sample sizes were Very Low ¼ 53, Low ¼ 47, and Medium ¼ 29 for TLF and turbidity, and Very Low ¼ 49, Low ¼ 44, and Medium ¼ 24 for HLF.
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ferences. However, there is a limited spread of data across risk
categories at each individual site with which to undertake such
analyses (Fig. S2). Where n> 5, there is a signiﬁcant difference
between Low and Medium risk categories at site 1 for TLF (Mann-
Whitney, p¼ 0.04) and turbidity (Mann-Whitney, p¼ 0.01), but not
HLF (Mann-Whitney, p¼ 0.09); there are no signiﬁcant differences
between Very Low and Low categories at site 2 for any variable
(Mann-Whitney, p¼ 0.49e0.91). Similarly, correlations are only
present at site 1 for all indicators (0.49e0.54, p< 0.001, n¼ 53),
which has the largest number of samples that are spread across all
risk categories.
At all sites, TLF remains in excess of the proposed threshold of
1.3 ppb demonstrated by Sorensen et al. (2018) to indicate the
presence of faecal contamination in untreated drinking water.
Indeed, all sites experience E. coli contamination, but this ranges
from commonplace occurrence at site 1 (93% of samples) toFig. 3. Boxplots of online TLF, HLF and TLF:HLF ratio subepisodic occurrence at site 3 (12% of samples). TLF always remains
above the threshold because the sites appear to have a reasonably
consistent TLF baseline of around 4e8 ppb (Fig. 3). Comparatively,
previous groundwater studies linking TLF to faecal indicator or-
ganisms in boreholes have suggested a zero TLF baseline (Sorensen
et al., 2015, 2016).3.2. Online indication of total bacterial cell counts
A strong positive non-linear correlation is observed between TLF
and total bacterial cell counts, although there is noticeable scatter
(Fig. 4). This positive correlation holds at several individual sites:
site 1 (r¼ 0.82, n¼ 17, p< 0.001), site 2 (r¼ 0.68, n¼ 91, p< 0.001),
and site 4 (r¼ 0.70, n¼ 5, p¼ 0.23). No correlation is evident at site
3 (r¼ 0.11, n¼ 11, p¼ 0.73) because there is limited variation in TLF
(s¼ 0.1 ppb) and bacterial cell counts (s¼ 5800 cells/mL). In fact, if
site 3 is removed from the overall analysis, the overall correlationsampled to 15min resolution data at relevant sites.
Fig. 4. Scatterplots of TLF, turbidity and HLF against total bacterial cell counts for all sites. Spearman's rank correlation coefﬁcients (r) and signiﬁcance are displayed (*** indicates
p< 0.001), n¼ 124 for TLF and turbidity and n¼ 119 for HLF.
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that there is a discrepancy in the order of 2 ppb TLF at similar low
bacterial cell counts between sites 2 and 3.
HLF is strongly correlated with total bacterial cell counts in a
collated dataset from sites 1e3 (Fig. 4). Again, this positive corre-
lation is observed at site 1 (r¼ 0.77, n¼ 17, p< 0.001) and site 2
(r¼ 0.65, n¼ 91, p ¼ <0.001), but not site 3 where there is limited
variation in counts. The correlation coefﬁcients for sites 1 and 2 are
very similar to the correlation coefﬁcients between TLF and total
bacterial cell counts.
Only a weak correlation is noted between turbidity and total
bacterial cell counts across all sites (Fig. 4). The only statistically
signiﬁcant correlation is actually observed at site 2 (r¼ 0.72, n¼ 91,
p< 0.001), with no relationships at the other sites (r¼ 0.01
to 0.18).
3.3. Complete time series of online indicators at site 2
The complete dataset from site 2 shows the relationship be-
tween online indicators and bacteriological variables (Fig. 5). There
is a consistent TLF baseline (IQR¼ 0.9 ppb) where E. coli are
generally absent, or few in number, and total bacterial cell counts
are reasonably stable (IQR¼ 10 000 cells/mL). Following rainfall,
increases in TLF, E. coli and total bacterial cell counts are noted.
These increases are greatest during themain groundwater recharge
season ending inMarch, and include several smaller peaks between
late-May and mid-July. HLF displays a near identical relationship to
TLF and bacteriological variables over the time period. Examination
of the TLF:HLF ratio demonstrates it is reasonably stable at around
0.85, except during events when there is a decrease in the ratio due
to a proportionally greater increase in HLF. There is a noticeable
decline in baseline TLF and HLF of around 0.8 ppb and 0.4 QSU,
respectively, over the record.
Turbidity increases appreciably during events in the main
groundwater recharge season, but returns back to baseline more
quickly than the bacteriological and ﬂuorescence variables. This
partially mirrors the results of Pronk et al. (2006) who demon-
strated that following rises in turbidity, DOC and E. coli counts in
springs after rainfall, turbidity rapidly returned to baseline values
rapidly whereas both DOC and E. coli remained elevated for several
more days. These observations may result from turbiditypredominantly being associatedwith larger particles, which rapidly
settle out, whereas smaller particles also associated with bacteria
and ﬂuorescent DOM continue to be transported through the sys-
tem. It is also noted that turbidity changes during late Spring and
Summer rainfall events, are minimal despite sizeable increases in
bacteriological variables. These observations indicate why turbidity
is an inferior indicator of both E. coli and total bacterial cells
compared to ﬂuorescence at site 2.
3.4. HLF bleed-through into the TLF spectral region
The sensor data from sites 1 to 3 do not indicate a clear TLF peak,
with relatively constant TLF:HLF ratios (IQR¼ 0.01e0.03) that never
exceed 1.0 (Fig. 3). Mean laboratory ﬂuorescence data also do not
indicate a visual TLF peak (Fig. 6). The TLF region appears
completely masked by the neighbouring HLF peak centred at lem
420e460 nm, which bleeds through and causes an apparent
ampliﬁed TLF signal. Deconvoluting the EEMs statistically using
PARAFAC analysis demonstrates that a two component model,
based on HLF peaks (Fig. S3), explains 98.3% of the variability. A
validated three component model, including an additional TLF
component (Fig. S3), provides only a verymarginal improvement to
98.6%. It is, hence, unsurprisingly that HLF and TLF were similarly
correlated to both E. coli and total bacterial cells.
In other studies, HLF has proven to be similarly or better
correlated than TLF: to BOD at wastewater treatment works (Cohen
et al., 2014), to total coliforms and E. coli at springs (Frank et al.,
2018) and to E. coli concentration during controlled laboratory ex-
periments (Fox et al., 2017). Therefore, a HLF ﬂuorimeter alone may
sufﬁce for monitoring the microbial quality of untreated drinking
water sources in many instances. Alternatively, a sensor that excites
at lex 280 nm and has a broader emission ﬁlter of lem 335e500 nm
could also provide comparable performance. The advantage of this
device would be a reduction in cost due to the replacement of an
expensive narrow bandpass ﬁlter.
The ratios of ﬂuorescent peaks are commonly used to address
the issue of optical bleed-through (e.g. Baker, 2002; Lapworth et al.,
2008). Variability in TLF:HLF ratios between sites demonstrates that
there is not a consistent ratio in the absence of a clear TLF peak at
these study sites (Fig. 3). This observation arises because ﬂuores-
cence intensity is always low and relatively consistent at
Fig. 5. Comparison of TLF, HLF, and turbidity with bacteriological variables at site 2. All data are displayed at 15min resolution. No samples were taken for total bacterial cell counts
prior to 6 Feb and between 1 and 10 Mar. Daily rainfall values are from Havant, Hampshire.
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320e340 nm); therefore, an intense HLF peakwill typically result in
a lower TLF:HLF ratio as the recession in ﬂuorescence intensity
from the peak is steeper (Fig. 6b). Hence, site 1 with a relatively
intense HLF peak has amedian ratio of 0.58, as opposed to amedian
ratio of 0.73 at site 3 which has the lowest intensity HLF peak.
Consequently, using TLF:HLF ratios does not allow comparisons
between sites, although it may indicate relative changes in the
ﬂuorescent components at an individual site.
The lack of a clear TLF peak indicates the sites are not likely to
have been appreciably impacted by wastewater during the moni-
toring period, which is the most likely attribution of TLF in
groundwater. HLF is generally considered to be of allochthonous
origin (Coble et al., 2014) and is likely to derive from the near-
surface in groundwater. Therefore increases in ﬂuorescenceduring rainfall events are indicative of water from the near-surface
rapidly impacting the sites.
3.5. Operational constraints
At all water company sites, operating procedures impacted
ﬂuorescence monitoring. Borehole pump start-up resulted in
spikes in ﬂuorescence as well as turbidity at both borehole sites.
These spikes typically lasted for minutes to hours until returning to
expected levels. However, ﬂuorescence remained elevated for
longer periods (up to several days) when the primary water source
was rotated to another borehole at the same site that had remained
on standby for days/weeks. Boreholes contain elevated concentra-
tions of planktonic bacteria cells and DOC compared with the sur-
rounding aquifer when they are not pumped due to the
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a borehole is not pumped, the greater the accumulation of this
organic material within the borehole and adjacent aquifer. Conse-
quently, a greater load is mobilised by pump start-up and it takes
longer for ﬂuorescence readings to stabilise. Furthermore, there is
likely to be build-up of organic material within the pipe network
with time when there is no active ﬂow that would then only begin
to clear upon pump start-up.
Variations in the active pumping rate within a borehole are also
likely to impact ﬂuorescence monitoring. A higher ﬂow rate in-
creases ﬂow velocities and shear stress within the borehole and
aquifer, increasing disturbance, entrainment, and shearing of bio-
ﬁlms. Previous research has demonstrated an increase in DOC
mobilisation and bacterial cell counts at higher pumping rates
(Graham et al., 2015; Kwon et al., 2008). A higher pumping rate
through the pipe network could similarly increase bioﬁlm mobi-
lisation (Cloete et al., 2003), with a resultant increase in TLF and
HLF.
Minor sensor drift of 0.3e0.8 ppb TLF over 6e10 months was
evident at all sites and is the underlying cause of the change in
baseline ﬂuorescence over time at Site 2. Sensor drift was evaluated
by testing the ﬂuorimeters in ultrapure water and tryptophan
standards before installation and following removal at the end of
the project. There was no visible sign of material on any sensor
window, but the apparent drift could be corrected for by cleaning
the windows with a lens cloth. It is recommended that suppliers
supplement these optical sensors with self-cleaning wipers on the
windows for online installations. This should resolve the problem,
but infrequentmanual maintenancewill still be required to validate
the sensor readings. More problematic was an installation at a
riverbank ﬁltration site that was not included in this paper. Here,
there was a dramatic >40% loss of signal in the ﬁrst two weeks
following installation (Fig. S4). The sensor was cleaned and re-
installed on multiple occasions, but similar rates in signal loss
were always observed. Hydrochemical analysis of deposits
removed from the windows indicated a build-up of metals, most
notably iron. The sensor windows are constructed from silica,
which has a surface comprising mainly silanol (Si-O-H) groups. Any
loss of the proton could allow the windows to become negatively
charged, attracting cations, and there could also be exchange of the
proton with cations in the sample.
There are a range of other variables that interfere with ﬂuo-
rescence spectroscopy measurements (Hudson et al., 2007),
notably temperature and turbidity (Khamis et al., 2015). Turbidity
was generally very low with the 95th percentile being 1.0, 0.1, 0.1
and 1.6 NTU at sites 1 to 4, respectively. Temperature was similar at
all sites, with median values of between 10.6 and 12.2 C, with
variations typically limited to only 1e2 C, and only very occasional
greater variation. Therefore, neither temperature nor turbidity are
likely to have had appreciable inﬂuence on the ﬂuorescence results.
It is possible to generate correction factors to account for variations
in temperature and turbidity, which could be automated online
(e.g. Shutova et al., 2016), and these may be necessary for surface
water sources. However, Khamis et al. (2015) demonstrated only
marginal improvements by correcting groundwater TLF data and
suggest that corrections factors are likely to be unnecessary for
groundwater sources universally, as generally turbidity is very low
and temperature is perennially stable.
3.6. Beyond an indicator of microbial quality in untreated water
Online ﬂuorescence has viable applications beyond purely as an
indicator of the microbial quality of untreated drinking water.
Bridgeman et al. (2015) identiﬁed a correlation between TLF and
total bacterial cell counts within the treated drinking waterdistribution network; albeit slightly weaker (r2¼ 0.56) than in this
study. The correlations between ﬂuorescence and total bacterial
counts, observed herein and in Bridgeman et al. (2015), indicate
that online ﬂuorescence spectroscopy could represent a more
practical, cheaper, and robust alternative to ﬂow cytometry for
monitoring total bacteria throughout the water supply network.
However, ﬂow cytometry has the potential to record other prop-
erties of bacterial communities, including cell size, viability (the
proportion of live and dead cells) and the metabolically active
proportion of the community (Hammes and Egli, 2010).
Within the treated water distribution network it has been
demonstrated that HLF is relatively stable (Heibati et al., 2017) so
online ﬂuorescence would be a potentially sensitive indicator of
any water quality changes. Potential changes could include cross-
connection detection, which many researchers have highlighted
as a future use for online ﬂuorescence (e.g. Hambly et al., 2010), or
failure in the water treatment system. Further uses could be stra-
tegic deployments at the outlets of service reservoirs and large
diameter trunk mains, which can both suffer from structural
integrity issues. Nevertheless, the use of online ﬂuorescence spec-
troscopy for treated water is likely to be complicated by water
treatment processes that remove ﬂuorescent DOM to various de-
grees (Carstea et al., 2016). Further work is need to appraise the
utility of the technique on treated water.
Fluorescence targeting HLF (lex/lem of around 350/450 nm) has
been correlated with DOC (Shutova et al., 2016) and TOC (Bieroza
et al., 2009; Bridgeman et al., 2015; Stedmon et al., 2011) in un-
treated and treated drinking water. If peak C is related to the total
organic matter load inwater, then online HLF ﬂuorimeters could be
useful to forewarn of the generation of harmful amounts of carci-
nogenic by-products during certain types of disinfection such as
trihalomethanes (Yang et al., 2015).
Fluorescence spectroscopy could also be a useful indicator for
the water industry, or other abstractors, for rapidly characterising
the vulnerability of groundwater sources to contamination. The
higher the ﬂuorescence (either TLF or HLF) then the stronger the
likely link with the near-surface, which is the source of the majority
of microbial and chemical contaminants. Therefore, ﬂuorescence
could be considered an instantaneous assessor of risk for ground-
water sources.
4. Conclusions
 Online tryptophan-like ﬂuorescence (TLF) and humic-like ﬂuo-
rescence (HLF) were both strongly correlated with E. coli con-
centration and total bacterial cell counts at public water
supplies.
 The current commonly employed microbial indicator in the UK,
turbidity, was more weakly correlated with both bacterial var-
iables. Nevertheless, turbidity is still an essential indicator of
suspended solids in rawwater that can affect treatment efﬁcacy.
 Monitoring both TLF and HLF was unnecessary in this environ-
ment with minimal change in the ratio. A HLF sensor alone
would be sufﬁcient for evaluating when water from the near-
surface was impacting a groundwater supply.
 Fluorescence data were strongly inﬂuenced by pump start-up at
borehole sources and, at one site, continuous build-up of ferric
deposits on the sensor reduced intensity by up to >40% within
two weeks. There is a need for manufacturers to supply ﬂuo-
rimeters that are more resistant to fouling, for example through
the provision of wiper systems.
 Online ﬂuorescence could be a more practical approach for
monitoring total bacterial cell counts than ﬂow cytometry.
 Online ﬂuorescence is an effective indicator of the microbial
quality of untreated drinking water and could be effective
Fig. 6. A) Mean ﬂuorescence excitation/emission matrix between lex 250e300 nm and
lem 280e500 nm for all sites with TLF and TLF sensor spectral regions indicated; B)
Mean ﬂuorescence intensity at lex 280 nm, lem 320e500 nm for all water samples
collected at sites 1 to 4.
J.P.R. Sorensen et al. / Water Research 137 (2018) 301e309308throughout the water supply chain for identifying changes in
water quality that could signify the presence of enteric
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